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ABSTRACT 
P 

The pyrolysis behavior of three different coals was explored in a unique 
experimental arrangement that inhibited secondary reactions of the primary 
volatiles. They were transported as particulate suspensions in room temperature 

lO5K/s by a 10.6pm laser beam. This approach allows well-controlled heating with 
good timelspace resolution, and very rapid thermal quenching of primary volatiles 
by diffusion into the cold nitrogen. A key result is that gas phase C species 
account for less than one percent of the coal C although H2C comparable to the 
coal moisture content is evolved. Residual solids have proximate and ultimate 
analyses very close the raw coals but significantly enhanced solubility. 
appears that tarry volatiles are produced with minimal change in chemical bonding 
and recondense in the cold gas flow. 
of high molecular weight, with subsequent gas phase decomposition giving low 

\ nitrogen, and heated to particle temperatures in the range 1300-1800K at about 

It 

This suggests that primary coal volatiles are 

\ molecular weight products in hot atmospheres. 

INTRODUCTION 

The extensive measurements of coal devolatilization performed over the past '\ 

two decades have alnmt exclusively emplo ed onductive heat transfer from a hot 
environment to the coal sample under testfl-5F. This results in a significant 
volatile residence time in a hot environment, relative to the time scale required 
for particle devolatilization. Consequently, it is difficult to give assurance 
that the observed product species are in fact primdry volatiles. It is also 
unclear to what extent the composition of the gas environment used in various 
experiments affects primary volatile yield, and to what extent it reacts at 
elevated temperatures to stabilize volatiles as lower molecular weight or 
hydrogenated species. 

regimes corresponding to qulverized fuel combustion or entrained flow gasification. 

2ooOK.' Heated grid experiments have been limited in absolute heating rate and peak 
temperature, and e ve some uncertainty regarding coal particle tracking of the 
grid tenperature.lly Also, the physical scale of the heater and typical 
experiment time scales suggest that the primary volatiles may be cooled relatively 
slowly by diffusive mixng.' Flow tube reactors of course allow relatively rapid 
diffusion of rimary volatiles away from the parent particle, but into a hot gas 
en~ironrnent.(5.~*6) Further, the usual use of hot walls for the reactor renders 
particle temperature measurement by pyrometry questionable, and predictive 
approaches based on particle dispersion and heat transfer modeling are 
quantitatively uncertain. 

A third experimental approach uses radiative heating to establish particle 
temperatures sufficient for devolatilization measurements under high heating rate, 
high temperature conditions. Initial experiments used pulsed laser7!gTting of 
relatively large particles, followed by averaged product analysis.( 

It has also proven to be difficult to explore heating rate and temperature I 
L typically in the range 104-106 K / s ,  and with peak temperature approaching 
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Transient thermal diffusion into the bulk sample resulted in a wide range of 
thermal history contributing to thc total yield. 
more or less continuously from H2 to "tars". 
high powr, constant output infrared lasers has allowed the development of steady, 
entrained flow particle heating experiments. 
reactor concept, except that heating is radiative, with the carrier gas and local 
structures remaining cold. 

Radiative heating of an entrained flow of @)ticles allows several gains in 
experimental environment control and diagnostics. The primary advantage 
results from particle dispersion in a carrier gas, with gas heating occurring only 
indirectly, by diffusion from the radiation absorbing particles. This results in 
complete decoupling o f  bulk gas temperature from the particle heating rate and 
temperature. Consequently, primary volati les diffuse 'into a cold environment on a 
minimal time scale. It corresponds to 5ms or less for spherically symmetric 
diffusion from a 50pm nominal particle diameter in a room temperature N2 
atmosphere. The observed phenomenon o f  volatile jetting would result in much more 
rapid cooling. 
a practical minimum. This results in minimum decomposition or reaction of primary 
volatile species after leaving the parent particle. 
dilute entrained particle flow also allows the imposition of arbitrary 
temperature-time profiles by tailorin? of the spatial laser beam power 
distribution. This allows, for example, exploration of the relative effects of 
heating rate and final temperature on devolatilization behavior,. and 
correspondingly a possible gain in basic understanding of devolatilization 
mechanisms. 

The product appeared to range 
More recently, the availability of 

This is analogous to a flow tube 

While not instantaneous, the cooling time scale appears to approach 

Use of laser heating of a 

Structurally, the need for a hot walled flow confinement structure is 
eliminated. For one atmosphere experiments, no wall structure i s  required, with 
all flow control based on aerodynamic techniques. 
diagnostic and radiative heating access, and eliminates secondary wall radiation as 
a factor in direct particle temperature measurement. 

This allows very extensive 

EXPERIMENT DESIGN 

The overall experiment a proach was based on the time shared availability of 
a 15 KW CW C02 laser, (Avco H P L h ) . .  It provides a continuous output at 10.6pm 
wavelength, with power level adjustable by the user. 
dilute coal particle suspension transported in a room temperature'gas. 
shows the key experiment components in block diagram format. 
three major groupings: 
and diagnostics. These are discussed in sequence below. 

It was used to irradiate a 
Figure 1 

Fluid supply and flow control; radiative heating system; 
They break down into 

Fluid Supply and Flow Control 

This has as its purpose the establishment of a well defined, steady flow of 
A fluidized bed feeder is used as the 

The coal/carrier stream is delivered to 

pulverized coal entraiced in a carrier gas. 
primary coal supply, with the feeder supported on a precision electronic balance to 
give time averaged flow rate information. 
a nozzle designed to homogenize the particle dispersion and give a uniform velocity 
distribution. Dispersion was checked for space and time uniformity using H e N e  beam 
transmittance, and velocity monitored using an LDV. As shown in Figure 2, a shield 
flow was also used. 
oxidation reactions with the coal, and delocity matched to the core flow. This 
coaxial f l o w  passed through the heating and diagnostic volume, and was then 
collected using an extractor fan and particles filtered out before venting to the 
atmosphere. 

Nitro5en was chosen to avoid air entrainment and consequent 
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Figure 1 - Component Schematic of Experimental System for Steady 
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Figure 2 - Conceptual schematic of Flow Structure in Radiative 
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Coal p a r t i c l e  loading was chosen as a comproinise between uiiiform radiative 
heating across thc  flow, and s u f f i c i e n t  concentration t o  permit quant i ta t ive  
analysis of the expected g a s  phase vo la t i l e s .  
existence of an undisturbed poten t ia l  flow core fo r  measire:cents over a residence 
time up t o  30m, with high s p a t i a l ,  and Iic!:cc. time resolution. 
pa r t i c l e  heating r a t e  and l a se r  I)ea::: power as Shown in Figure 3.  
Resolution Paraiwter" p lo t ted  i s  equivalent t o  the  number of d i sc re t e  dat.a points 
obtainable a t  a givcn p a r t i c l e  heating r a t e .  
implies a smaller heat.ed volume, which f o r  fixed spa t i a l  resolution in the flow 
gives fewer data points.  
fuel applications reqtiire about lOKW delivered laser  power f o r  useful time 
resolution of da ta  points.  

Dimensions were chosen t o  ensuri. 

This i s  re la ted  t o  
The "Experimental 

For fixed input power, higher r a t e  

A s  s h o m ,  heating r a t e s  of d i r ec t  i n t e re s t  t o  pulverized 

Radiative Heating System 

The l aser  source used de l ive r s  an output a t  10.Gpm wavelength, with power 
adjustable up  t o  15KW. The output i s  s p a t i a l l y  nonuniform and requires opt ica l  
homogenization f o r  this experiment, although n o t  f o r  normal metalworking 
applications.  Optics a re  f ab r i ca t ed  from copper, highly polished, and ac t ive ly  
water cooled. 
the source beam t o  give a s p a t i a l l y  uniform s t ruc ture .  To provide r e l a t ive ly  
uniform pa r t i c l e  heating, t h i s  is s p l i t  i n to  two beam using a roof prism mirror. 
They are again re f lec ted  t o  c ross  a t  c i r ca  160 degrees in t h e  coal flow, defining 
the  heating zone. This gives uniform heating of both s ides  of the  pa r t i c l e s ,  and  
appears t o  be an adequate approach t o  4n steradian i l lun ina t ion .  
heating across the flow implies l imited beam absorption, resu l t ing  in s ign i f i can t  
(>90 percent) power wastage. T h i s  i s  absorbed o n  z i rconia  faced water cooled 
copper beam dumps, maintained a t  low temperature t o  avoid secondary thermal 
radiation. 

A beam in t eg ra to r  was used t o  s p a t i a l l y  overlay multiple segments of 

Uniform p a r t i c l e  

Diagnostics 

Diagnostic systems include monitoring of input flows and laser  power, real  
time optical  neasurenent of p a r t i c l e  conditions,  and pos t - tes t  analysis of gaseous 
and solid sa,nples. 
precision balance with the  f lu id i zed  bed feeder.  Gas flows are  s e t ,  and monitored 
using rotameters. 
system. 

As discussed above, p a r t i c l e  flow i s  inonitored using a 

Leser power i s  set a t  the source, using the  I iPLR control 

Pa r t i c l e  conditions a re  monitored using a s ing le  component L D V  and a 
Thece a re  mour,ted wi t t i  a sampling probe anti anc i l l a ry  sh ie ld  

The physical re la t ionship  of some o f  these components i s  shown in Figure 4 .  

two-color pyrometer. 
mirrors on a t raverse  system, set i ip t o  move the sampling point along the  f l ow  
axis.  
The velocity measure!nent i s  used t o  r e l a t e  posit ion t o  p a r t i c l e  heating time 
sca le .  I t  was found, as an t i c ipa t ed ,  t h a t  p a r t i c l e  velocity and as ve loc i ty  are 
defined by the nozzle source condi t ion ,  with downstrear heating cyfects 
negligible.  Pa r t i c l e  cloud ten:perature i s  monitored using a unique trio co lor  
pyrometer. I t  was bu i l t  ai-ouiid two cooled Pi4Ts with extended red sens i t i v i ty  
( a  5 850i).A), and was ca l ibra ted  in t i le ralt':e 670 t o  2000K. Use o f  a 10.61rn1 l a sc r  
heating source, and cooling O F  t h e  beam duinps t o  niiriiniize re-radiation, precludes 
d i r ec t  optical  i ntcrrerence effec; ts .  

ln te rpre ta t ion  o f  t he  pyroineter outpiit signal i i t  t h i s  experiment requires a 
p r ior i  knowledge of the p a r t i c l e  s i z e  d i s t r ibu t ion .  and some modcling of t h e i r  
tlierrnal bciia~,;oi-. Vzry qootl s!i<!tial rc::olk:tion, toqc1.hcr with cxtreniely lo\\, 
part i c 1 e 1 r ia t i  i ng , c o u  1 :I prcc 1 ~ t k  t hi s ti i f i i c ;I l I:y :',y jirescti i' i i n g  i n d  i v i il II n 1 p ai,[: i c 1 c 
rad ia tors  t o  the syst.c:::. Th.is was n o t  f e a s i h l c  .lor t l lc  product saiiiiiling approach 
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Figure 3 - Dependence of D i s c r e t e  Sample R e s o l u t i o n  o n  Heating 
Rate and Laser Source Power 

Figure 4 - Ex?erirnental tlar(1ware Layout, Showing F l o w  Source and 
Opt ica l  D i a g n o s t i c s  
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chosen, so an attempt uas made to provide a relatively monodisperse coal particle 
size distribution. 
such a distribution, together with the inferred pyrometric temperature. It is 
based on an area weighted sum of the predicted particle size group contributions at 
the two measurement wavelengths. 

through the heating volume) and spatial mean flux 500 w/cm2. 

Figure 5 shows results cf a prediction of radiative heatingaf 

For this calculation, the heating source beam is 
s a triangular waveform, of duration 16ms (controlled by particlelcarrier gas flow 
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Figure 5 - Predicted Thermal History of Coal Particle Flow in  
Nitrogen, and Corresponding Radiation Temperature a t  
Pyrometer Wavelengths 

Particle thermal behavior is somewhat different in this environment than in 
, a hot flow experiment. The low thermal inertia of small particles, relative to 

their surface area, results in a rapid initial temperature rise. However, the 
achievable steady state temperature decreases with decreasing particle size, due to 
increased thermal diffusive loss to the cold carrier gas. 
particles roughly track the spatial flux distribution of the laser beams. 

temperature. Local slope discontinuities in the curves for 50 and 70pm particle 

for the size distribution, but not included on the plot. Heat transfer from 
particles to gas results in limited gas temperature change, in this case from 300K 
to 400K. The predicted radiation temperature curve is shown as a dashed line. It 
is close to the temperature of the mass mean particle size, and hence may be a 
useful indicator of nean temperature. However, the wide distribution of 
temperatures of the various size partricles during. the transient heating period 
renders direct inference of kinetic rates difficult, except for the case of a 
nearly monodisperse supply. Use of the fluidized bed feeder, while appropriate 
from a feed rate and control viewpoint. may have exagerated the size distribution 
via preferential elutriation. 

Flow sampliny; was based on a simple tubular stainless steel probe, aligned 
coaxially with the flow. 
shield rnirrrors, as shown schematically in Figure 2. 
was used, as the sanipled particles were in a cold gas environment, and additional 
cooling would be ineffective. 
t o  capture condensed phase material, and samples taken of the clemed gas stream 
using one liter pyrex bottles. 
analysis included gas chromatography, and extensive measurement o f  the condensed 
phase material properties. This analysis is continuing, and further data will be 
reported separately. 

As a result, very fine 

1 Consequently, at longer times the larger particles can overshoot the fines in 

use of an assumed endothermic devolatilization 
I process. sizes r e ~ 8 ~ t o f r p ~  Curves for 20, 40, 60 and 80pm particles were also obtained 

It was protected from the incident laser beam using 
No probe cooling or quenchant 

The sample stream was drawn through a filter system 

A s  indicated on Figure 1, subsequent sample 
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EXPERIblE!iTAL RESULTS 

Data was taken ove r  a l i m i t e d  range o f  h e a t i n g  c o n d i t i o n s  us ing  t h r e e  coals; 
P i t t s b u r g h  No. 8 Wyoming sub-bituminous, and Montana Rosebud. Hea t ing  r a t e s  i n  
the  range 1-3 105K/s t o  temperatures i n  the  range 1000-2000K were obta ined,  w i t h  
hea t ing  t imes up t o  30 ms. 
coals  used. Whi le  c a l i b r a t e d  screen sample s i z i n g  was used i n  an e f f o r t  t o  
min imize the range o f  p a r t i r l e  s i z e  d i s t r i b u t i o n ,  sample a n a l y s i s  shows 
cons jde rab le  v a r i a b i l i t y .  (91 O v e r a l l ,  n e g l i g i b l e  gaseous p roduc ts  were observed, 
and no l i q u i d s  found. 
d i f f e r e d  f rom t h e  raw coa l ,  and s o l u b i l i t y  o f  t he  s o l i d s  was c o n s i d e r a b l y  
increased, w h i l e  ASTM u l t i m a t e  and p rox ima te  a n a l y s i s  o f  t he  b u l k  samples showed 
l i t t l e  change f rom t h e  raw coa ls .  

T e s t  c o n d i t i o n s  a re  g i v e n  i n  Table 1 f o r  t h e  t h r e e  

C o l o r  and p h y s i c a l  appearance o f  t h e  c o l l e c t e d  s o l i d s  

Gas A n a l y s i s  

Gas samples f rom a l l  t e s t  c o n d i t i o n s  were analyzed u s i n g  a chromatograph, 

gave d e t e c t i o n  l i m i t s  co r respond ing  t o  expected sample c o n d i t i o n s ,  t y p i c a l l y  
c a l i b r a t e d  usng a d i l u t e  m i x t u r e  o f  expected l i g h t  v o l a t i l e s  i n  n i t r o g e n  c a r r i e r . *  
T h i  

products  observed o t h e r  than  H20, which was found a t  c o n c e n t r a t i o n s  c o n s i s t e n t  
w i t h  t h e  r a w  c o a l  m o i s t u r e  c o n t e n t .  
f o u r  pe rcen t  o f  t h e  feed  c o a l  ca rbon  c o n t e n t  i s  conver ted t o  l i g h t  v o l a t i l e s  i n  
t h i s  environment, and t h a t  n e g l i g i b l e  f r e e  hydrogen was produced. 
r e s u l t s  f o r  two gas samples analyzed u s i n g  a f lame i o n i z a t i o n  d e t e c t o r .  
were chosen f o r  maximum h e a t i n g  and res idence  t i m e  c o n d i t i o n s .  
Wyoming sub-bituminous c o a l  gave l e s s  than  0.2 pe rcen t  carbon convers ion  t o  l i g h t  
v o l a t i l e s ,  and t h e  P i t t s b u r g h  No. 8 l e s s  than  0.01 percent .  S ince h e a t i n g  t i m e  and 
measured area mean temperature were comparable t o  those f o r  e x t e n s i v e  
d e v o l a t i l i z a t i o n  t o  l i g h t  spec ies  i n  h o t  gas environments, t hese  r e s u l t s  suggest 
t h a t  t he  p r imary  v o l a t i l e s  a re  o f  r e l a t i v e l y  h i g h  mo lecu la r  weight .  

TABLE 2 

AHALYSIS OF GAS SAMPLES FOR VOLATILES 

10- a by  volume. A t  t h i s  l e v e l  o f  s e n s i t i v i t y ,  i n  no case were any gaseous 

These r e s u l t s  i m p l y  t h a t  n o t  more than  two t o  

Tab le  2 shows 
Samples 

As shown, t h e  

Coal 
Gas Concentration (ppml R s s  Vo la t i le  

Loading Carton 
CH4 C2H2 C2H4 CZH6 C3H6 C3H8 C4 f n  Np Yield 

Sample # 1 !iyming 49.7 2 16.4 7.6 5.0 2.0 NO* 0.025 t0.28 
/17OOX, 3Cas) 

S a m p l e t l l P i t t i l 8  8.9 NO 2 NO NO NO NO 0.075 t0.018 
(1560K. 3hsI 

YD I < 1 ppm. resolution l i m i t  o f  G.C. 

So l i ds  A n a l y s i s  

C a p t u r e d ' s o l i d s  were examined i n  s e i e r a l  ways, a t  v a r i o u s  l e v e l s  o f  d e t a i l .  
These inc lude  v i s u a l  obse rva t i on ;  p a r t i c l e  s i z e  ana lys i s ;  ASTM u l t i m a t e  and 
prox imate ana lys i s :  FTIR spect roscopy** ;  and s o l v e n t  e x t r a c t i o n .  
u s i n g  SECl o f  t h e  c o l l e c t e d  s o l i d s ,  GPC o f  t h e  s o l v e n t  e x t r a c t ,  and p a r t i c l e  s i z e  
a n a l y s i s  has been i n i t i a t e d ,  and w i l l  be r e p o r t e d  separa te l y .  

F u r t h e r  s tudy  

* Species C a l i b r a t e d  were: 
C3H4, C3H6, C3H8, CqHx, HpS, C i s .  

H 0, H2, Cop, CO, CH4, C2H2, C2H4, 

I 

** Per fo txcd  by  Advanced Fuel  Research, East  H a r t f o r d ,  CT. 
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Both raw coal and heated samples were gathered on the sample filters using 
the complete feed, flow, and sampling system. These raw coal samples were used for 
subsequent baseline analysis. 
Progressive tendency to clump or cake on the filter elements and a distinct color 
shift from black toward dark brown; Results of proximate and ultimate analysis Of 
various coal samples are given in ,able 1. These are readily summarized, as 
indicating very little or no change in properties between raw coal and radiatively 
heated samples, except some moisture loss from the Montana Rosebud samples. Since 
samples were stored in the laboratory environment, with no control of atmospheric 
moisture absorption, the measured H20 content is perhaps not surprising. 
analysis* of Wyoming samples 1, 5, and 9 of Table 1 gave no discernable indication 
of structural bond changes between the raw coal and extensively heated samples. 

Solvent extraction tests were carried out, using a reflux o f  stabilized THF* 
i n  air at one atmosphere pressure. Temperature in the extraction volume was about 
310 to 320K, and reflux period was typically two hours. Results are given in Table 
1. 
radiatively heated samples had significantly .increased solubility, relative to the 
parent coals. 
showed similar behavior. 
attained preclude direct comparison, there may also be some decrease in yield with 
increasing coal rank. 
soluble fraction with increased heating rate or peak temperature, which is related 
to size distribution as well as heating environment. 

Visually, samples subjected to heating showed a 

FTIR 

Dried extract was typically a brown to black tarry material. Overall, the 

Some limited extractions with MEK and with hot dilute NaOH/H20 
While the range of heating rates and temperatures 

Also, for each coal, there may be a trend toward increased 

D I S C U S S I O N  

The observations given above are consistent with a phenomenological picture 
of evolution of primary volatiles from the heated particles as high molecular 
weight compounds. Rapid diffusion of them into the cold gas atmosphere minimizes 
secondary dec m osition, and results in some homogeneous nucleation and 
condensation.Tl7 Sample withdrawal through a fine filter results in capture of a 
mixture including decomposed coal particles, volatile condensate particles, and 
trapped volatile vapors. The volatiles, possibly together with a direct 
contribution from the heated coal- particles, appears to be the component extracted 
by solvent treatment. This is supported by preliminary SEM images of fresh and 
solvent extracted solid material samples. The soluble product yield is observed to 
be generally lower than the ASTM proximate analysis, and much lower than volatile 
yield observed at high heating rate and temperature conditions. This may be due to 
the effect o f  particle size distribution on achievable particle temperature, shown 
in Figure 5. In particular, preferential elutriation of fines from the coal feeder 
could result in most of the input solids feed being temperature limited by 
diffusive heat transfer to the gas while a minor fraction of coarse particles 
provides the pyrometer signal, as well as pyrolysate. 

are of high molecular weight, with the gaseous products in other experiments 
resulting from secondary decomposition or reactions in hot environments. 
proximate and FTIR results can be interpreted as suggesting that the 
devolatilization process may involve very limited chemical bond breaking or 
rearrangement. 

Based on these observations, it would appear that primary volatile species 

Also, the 

(1) Resulting particles are small, and equilibrate at low to moderate 
temperature in the heating volume. 

* Tetrahydrofuran; suggested by Or. Peter Solomon of Advanced Fuel Research. 
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CONCL U S I O I ~  

Use o f  an h i g h  pcwered l a s e r  as  a means o f  p r o v i d i n g  a c o n t r o l l e d  heat ing 
environment f o r  p a r t i c l e s  j n  a gas f l o w  has been shown t o  be p r a c t i c a l .  
approach a l l ows  decoupl ing o f  t h e  p a r t i c l e  h e a t i n g  f rom f l u i d  stream mix ing  and gas 
composit ion and temperature.  I t  a i s 0  a1 lows cho ice  o f  background gas composition, 
f o r  example f o r  s tudy  o f  h i g h  temperature heterogeneous r e a c t i o n s .  
background gas temperature a l s o  a l l ows  r a p i d  c o o l i n g  of vapor phase products, and 
the  p o t e n t i a l  f o r  s e l e c t i v e  gas phase r e a c t i o n  c o n d i t i o n s .  

observable gaseous products ,  and enhanced s o l u b i l i t y  o f  t h e  s o l i d  product . '  Also, 
t he  s o l i d  product  showed m in ima l  change i n  p rox ima te  and u l t i m a t e  analyses r e l a t i v e  
t o  t h e  raw coa l ,  and min imal  change i n  i t s  FTIR spectrum. These r e s u l t s  suggest 
t h a t  pr imary d e v o l a t i l i z a t i o n  may occur w i t h  minor  change o f  chemical s t r u c t u r e  of 
t h e  o rgan ic  m a t e r i a l .  

Th is  

Choice o f  

Measurement o f  d e v o l a t i l i z a t i o n  behav io r  o f  t h r e e  c o a l s  r e s u l t e d  i n  no 
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